A spatially-resolved pressure-based approach to evaluate combined effects of human activities 
Identifying threats to marine ecosystems, the areas at greatest risk of damage or loss from those 119 threats, and strategies to mitigate those risks is at the forefront of recent environmental policy 120 (e.g. the Marine Strategy Framework Directive (MSFD) (EC, 2008) . With this in mind and 121 building on previous work, we have developed a geospatial assessment approach with three main 122 objectives. First, the mapping of major marine activities and associated pressures to identify 123 overlap, so that areas with the potential for combined effects can be identified. Second, the 124 outputs may be used in the development of an approach that enables different spatial 125 management options to be assessed and prioritised in terms of reductions in risk. And third, to 126 develop an approach without the need for costly and quantitative spatial monitoring to be 127 undertaken. Here, we demonstrate how our spatially-resolved combined effects framework, 128 when applied in its simplest form, can be used in the determination of management measures,
129
and explore the practical applications of how composite sector-pressure data layers could be used 130 to support the development and evaluation of those measures. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 impact which ecological components (White et al., 2013) . All 3 matrices can be combined into a 145 single matrix to describing the pathways through which sectors impact the environment. We 146 refer to each pathway i.e. sector → activity → pressure → ecological component combination as 147 an "impact chain" herein (Knights et al., 2013) . Impact chains were defined following an 148 extensive review of the peer-reviewed scientific literature and published reports resulting in a 149 combined matrix of 5,515 potential impact chains. In total, we considered 18 sectors, 98 150 activities, 24 pressure types and 11 ecological components in the development of our linkage 151 matrices.
153
Assessing the severity of impact chains using a pressure assessment approach 154 We used a pressure assessment approach to qualitatively assess each impact chain using a 155 categorical assessment of exposure and sensitivity criteria (see Robinson et al., 2013 for details) .
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Experts undertook an extensive review of both primary and grey literature prior to their 165 evaluations (e.g. Knights et al., 2011) to ensure most up-to-date understanding and knowledge 166 was used in making their judgement.
168

Spatial Analysis
169
To illustrate the application of our combined effects assessment methodology, we truncated the 170 outcomes of the pressure assessment (Robinson et al., 2013) to a sub-set of sectors namely: 171 aggregates, fishing, oil and gas, renewable energy (specifically offshore wind farms) and 172 telecommunications, and considered the impact of these sectors on sublittoral sediment habitats Atlantic (Figure 1 ). These sectors were chosen because of their current prevalence throughout 175 much of the region, the fact that they all introduce multiple types of pressure that can impact on 176 sublittoral habitats and species, and the public availability of spatial (georeferenced) datasets that 177 describe the distribution of those sectors throughout the region (geo-data sources are given in full 178 in Table S1 ).
180
The spatial data we used was unmodified from its raw form with the exception of the fishing 181 layer. In this case, data were derived from the Vessel Monitoring System (VMS) describing the 182 speed and location of any individual vessels >15 m long operating in the North Sea. These data 183 were filtered to include only information of vessels "at sea" i.e. in operation (after Lee et al., 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 sectors, the licensed area was used to describe the sector distribution (see Table S1 for full 194 details). Habitat maps were available as georeferenced data layers from EUSeaMap (EMODnet).
195
All shapefiles (georeferenced polygons describing the spatial distribution of sectors and habitat)
196
were compiled within a Geographic Information System (GIS) (ArcInfo 9.3, ESRI). whereas a non-dispersive pressure can only occur where the sector is in operation (e.g. abrasion).
204
Dispersive pressures therefore have the potential to result in combined or cumulative effects at 205 locations different to their source of introduction. Predicting where those locations are, could be 206 achieved using approaches such as hydrodynamic modelling (e.g. Mead and Rodger, 1991; 207 Mead, 2004) but this extends beyond the proof-of-concept objective of this study. As such, here 208 we only consider non-dispersive pressures to illustrate our framework, as the spatial footprint of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The DoI criterion (see Robinson et al., 2013) , which describes the likely severity of the impact, 215 was chosen as a primary mechanism to assess the combined impact of sector-pressures. The DoI 216 of each pressure type can differ in classification between either a low severity impact pressure, a 217 chronic severe impact pressure, or an acute severe impact pressure (see definitions in Table 1 218 and distributions amongst sectors in Figure 2 ). Low severity pressures were removed from the On that basis, we assumed that when two or more chronic pressures of the same type (but from In areas where an acute pressure is present, the area of seafloor underlying that pressure was 274 assumed to be immediately impacted (i.e. organisms are instantly killed). Figure 5c ) were generated by subtracting the number of making it a cost-effective mechanism for prioritising and streamlining management activities.
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